Macroporous alkali resistant glass has been developed by making additions of zirconia (ZrO 2 ) and zircon (ZrSiO 4 ) to the sodium borosilicate glass system SiO 2 -B 2 O 3 -Na 2 O. The glass was made using a traditional high temperature fusion process. Differential thermal analysis (DTA) was carried out to identify the glass transition temperature (T g ) and crystallisation temperature (T x ). Based on these findings, controlled heattreatments were implemented to separate the glass into two-phases; a silica-rich phase, and an alkali-rich borate phase. X-ray diffraction (XRD) was used to identify any crystal phases present in the as-quenched and heat-treated glasses. Fourier transform infrared (FTIR) spectroscopy also proved effective in investigating phase separation and crystallisation behaviour. After leaching, a silica-rich skeleton with an interconnected pore structure and a uniform pore distribution was observed. Pore characterisation was carried out using mercury porosimetry. The size and shape of the pores largely depended on the heattreatment temperature and time. ZrO 2 /ZrSiO 4 additions increased the alkali resistance of the porous glass 3-4 times.
1.
Introduction Borosilicate glass has been of interest for more than two decades due to its diversified use in the biological, electrical and pharmaceutical industries. It is known for its superior usability in membrane technology, size exclusion and affinity protein chromatography (separation science) [1] [2] [3] . For more than thirty years, borosilicate glass has been used for the entrapment/immobilisation of high level waste from nuclear power plants and arms industries [4] [5] [6] . A low dielectric constant and negligible thermal expansion coefficient make it suitable for microelectronic packaging [7, 8] . Moreover, the usage of borosilicate glass as a reinforced matrix component in composites to improve mechanical properties is widely accepted [9] . Increasing the chemical durability is one of the major challenges for porous borosilicate glass, to make it suitable and re-usable for many other applications [10] . Borosilicate glass is known for its phase separation characteristics, thus enabling Controlled Pore Glass (CPG) of micromeso-and macro-pore size, depending on the heating cycle [11] .
Porous glass can be derived from a glass which is heat-treated (HT) to form two interconnecting phases. The heat-treated glass is then leached selectively to remove one of the phases. The heat-treatment step and leaching conditions can be tailored to achieve the desired pore size, pore volume and surface area. Common production methods include traditional glass melting or sol-gel. The glass composition plays a major role in the phase separation behaviour of glasses under certain heat treatment conditions. Figure 1 shows the critical temperature zones in the ternary SiO 2 -B 2 O 3 -Na 2 O system, where phase separation occurs. Figure 1 also shows the tie-lines, demarcating the compositions and concentrations of phases present in different temperature zones.
Figure 1:
Phase separation in the sodium borosilicate glass system [12] . Dashed lines are uncertain.
Zirconia containing porous glasses have received attention as a means of increasing the alkali resistance of borosilicate glass [13] [14] [15] . In this study, the thermal behaviour of sodium borosilicate glasses with additions of zirconia and zircon were investigated. Based on the thermal behaviour characteristics of different compositions, heat-treatment times and temperatures were optimized to achieve well-defined porous morphologies.
Experimental

Glass preparation
The compositions of glasses prepared in this study are shown in Table 1 . ZrO 2 was added to the SiO 2 -B 2 O 3 -Na 2 O system with the amount of alkali oxide (Na 2 O) varied between 6 wt% and 10 wt%. For addition of ZrSiO 4 , the amount of alkali oxide (Na 2 O) is fixed at 6 wt%. Compositions B-E involve substitution of SiO 2 with gradually increasing amounts of ZrO 2 , keeping the content of Na 2 O at 10 wt%, whilst composition E-II contained 6 wt% of Na 2 O. Composition EE was the same as E-II, but with ZrSiO 4 replacing ZrO 2 . SiO 2 , B 2 O 3 , Na 2 CO 3 , ZrO 2 and ZrSiO 4 powders were procured from SigmaAldrich (Ireland). The glass reagents were ball-milled for 14 hours. The mixed batches were melted in zirconia crucibles (Almath Ltd., UK) at 1450°C for 2 h in an electric furnace. The melts were then waterquenched to produce frit. The glass frits were crushed in a ball mill for 12 h. The resultant powder was sieved to a particle size > 45 µm < 212 µm. A  65  25  10  0  0  B  62  25  10  3  0  C  58  25  10  7  0  D  54  25  10  11  0  E  50  25  10  15  0  AA  69  25  6  0  0  E-II  54  25  6  15  0  EE  54  25  6  0  15 
Thermal analysis
Differential Thermal Analysis (DTA) (Stanton Redcroft, UK) was used to measure the glass transition temperature (T g ) and to investigate the crystallisation behaviour. Heating rates of 10, 15, and 20 °C/min were employed using 30 mg of sample and alumina as a reference.
Dilatometry (Model 402 E, Netzsch Ltd., Germany) was used to determine the dilatometric softening temperature (T d ) and the glass transition temperature (T g ) of a bulk glass specimen which was a nominal cylinder of approximate dimensions 11.5 mm (L) x 3 mm (D). The specimen was heated in air at a rate of 10 °C/min from room temperature to 1000 °C.
Heat treatment
Thermal treatment to induce phase separation was carried out on glass powder (> 45 µm <212 µm particle size) using a horizontal tube furnace (Carbolite Ltd., Sheffield, UK) at a heating rate of 10 °C/min. The dwell temperature ranged from 630-700 °C and the dwell time was 14-63 h, depending on composition.
X-Ray Diffraction Analysis (XRD) and Fourier Transform Infrared (FTIR) Spectroscopy
Non heat-treated and heat-treated glass powders were analyzed using XRD. A Bruker advanced D8 X-ray diffractometer with Ni-filtered Cu Kα radiation of wavelength 1.5406 Å at 40 kV and 40 mA was used to measure the XRD patterns with a step size of 0.1° in a range of 2θ values from 10 to 80° at scanning speed of 10 sec/step. Crystalline phases present in heat-treated glass samples were identified by the positions listed in the Joint Commission on Powder Diffraction Standards (JCPDS) files. The FTIR spectra were obtained using a Perkin-Elmer GX instrument with a resolution of 16 cm -1 in the range 400 cm -1 to 4000 cm -1 .
Glass leaching
A heating bath, magnetic stirrer, and condenser were used to conduct glass leaching experiments. The heat-treated glasses were first immersed in 1N HNO 3 for 24 h at 95-98 ºC to remove the borate phase, then in 3N H 2 SO 4 for 24 h at 95-98 ºC to dissolve colloidal zirconia, and finally the gelated SiO 2 was washed out with 0.5N NaOH for 5 h at 25 ºC. An H 2 SO 4 leaching step was found to be unnecessary for ZrO 2 /ZrSiO 4 free compositions. A magnetic stirrer was used to prevent the glass powder from settling on the bottom of the flask and to make leaching more effective. Following leaching, the resultant glass powders were washed with water several times and dried for 12h at 120 °C.
Porosimetery
The experiments were performed on leached glass using mercury porosimetry (Autoscan-33 Porosimeter, Quantachrome, UK). Mercury intrusion and extrusion over a range of pressures (0-33000 PSIA) was performed, to determine pore sizes, pore volumes, pore surface areas and pore distributions.
Scanning Electron Microscopy (SEM)
Pore morphologies and pore sizes of the leached glasses were observed using SEM (EVO LS15, Carl Zeiss NTS GmbH, Germany).
Alkali resistance testing
The alkali resistance of leached glass samples was measured by incubating a 1 ml volume of sample in 10 ml of an aqueous sodium hydroxide solution (0.5N) for 24 h. Following this, the leachant was neutralised with 1N HCl acid and then washed in deionised water and dried at 100 °C for 18 h. After drying, each sample was weighed to an accuracy of 0.1 mg. The weight loss was then calculated in milligrams per square decimetre (mg/dm
3.
Results and discussion Figure 2 presents the DTA analysis of the glass powder sample AA, which had been sieved to a particle size > 45 µm < 212 µm, for a heating rate of 10 °C/min. The mean particle size diameter, D [4, 3] , as determined by light scattering particle size analysis (Malvern Mastersizer S, Malvern Ltd., UK), was found to be 197 µm. In Figure 2 , a change in slope is observed at about 478 °C and continues until it reaches 520 °C. Three characteristic temperatures can be used to define this endothermic gradient attributed to the glass transformation range. T f is denoted as the onset glass transformation temperature, T mid is the midpoint, and T m is the maximum of the endothermic inflection. Kerĉ and Sĉiĉ considered another point after T m which they denoted as the extrapolated end temperature (T e ) [16] . T f and T mid are generally accepted as the glass transition temperature (T g ) for most applications [17] . A broad exothermic event is observed in the range 740-900 °C. Surface crystallisation is considered the dominant mechanism, since no sharp exothermic peak was observed, even for DTA analysis of finer particle sizes, i.e. < 45µm. Figure 3 shows the linear thermal expansion curve of a bulk sample of glass AA heated at 10 °C/min. The glass expands until 305 °C, above which the glass contracts suddenly up to about 425 °C, before expanding again. This sudden expansion in the temperature range 430 °C to 520 °C is referred to as the transformation range and indicates the onset of viscoelastic behaviour, where bond breaking is predominant. The onset temperature of the transformation range at 430 °C is attributed to T f . The DTA curve (see Figure 1) shows the glass transformation temperature of same sample (glass AA) at about 478 °C (T f ) with the same heating rate. The temperature of maximum expansion is identified at 550 °C and can be referred to as the dilatometric softening temperature (T d ). A sharp decrease in sample dimension is noticed at about 560 °C after the dilatometric softening temperature which corresponds to viscous flow of the sample under stresses imposed by the dilatometric push rod. Shelby [2] and Kingery [18] revealed a dramatic distinction in thermal expansion behaviour between quenched glasses and glasses which had been annealed prior to dilatometric characterisation. The quenched glasses showed very prominent contraction-expansion characteristics. For annealed glasses the expansion-contraction was minimal and to a large extent 'washed out' as a result of annealing the glass above T g . The expansion behaviour of glass AA (quenched) is in good agreement with the findings of Shelby and Kingery. From the dilatometric data, the linear thermal expansion coefficient (α l ) of glass AA was calculated as 4.77 x 10 -6 °C -1 in the temperature range between room temperature and 300 °C, which is in good agreement with the measured expansion coefficient of similar sodium borosilicate glass compositions reported in the literature [19] . . Figure 4 illustrates the linear shrinkage behaviour of a bulk sample of glass AA heated at 10 °C/min. The section of the curve within the dashed circle is shown in exaggerated detail in Figure 3 . As can be seen in Figure 4 , the bulk sample begins to shrink at about 560 °C and continues with a sharp fall upon reaching about 660 °C. Beyond 660 °C, there is no significant shrinkage observed. A total linear shrinkage of around 1.7% is observed. This shrinkage is attributed to viscous flow and continues until 660 °C. Figure 6 shows the DTA analysis of the glass powder sample EE for a heating rate of 15 °C/min. The mean particle size diameter, D [4, 3] , was found to be 80.1 µm. In Figure 6 , a change in slope is observed at about 497 °C and continues until it plateaus at approximately 600 °C. The exothermic peak observed at 667 °C is attributed to crystallisation. The sharp nature of this peak, denoted as maximum crystallisation temperature (T p ), is indicative of bulk crystallisation [20] [21] [22] . This sharp peak was not observed for the glass AA which contained no ZrSiO 4 , so clearly the zircon is promoting bulk crystallisation. XRD analysis was performed on samples of glass composition EE to identify the crystallisation phases related to the exothermic peak observed in Figure 6 . The samples were heat treated at 650 °C, i.e. T p onset, for various durations (1 h, 14 h, 24 h and 63 h). Peaks assigned to tetragonal ZrO 2 (2θ = 30°, 51°, 60) [JCPDS 02-0733] were identified for the sample heated at 650 °C for 1 h, 14 h, 24 h and 63 h (see Figure 7) . The peaks at 2θ = 21.8°, 28.5°, 36 [JCPDS 01-0438, 03-0267] are attributed to cristobalite. For heat-treatments ≤ 24 h, the cristobalite peaks exhibit low intensities compared with the tetragonal ZrO 2 peaks. For heat-treatment durations of > 24 h < 63 h, the intensity of the peaks related to cristobalite increases. Crystallisation of cristobalite predominates over crystallisation of tetragonal ZrO 2 for heat-treatment times ≥ 24 h. Therefore, it can be considered that the T p observed in Figure 6 is due to crystallisation of tetragonal zirconia. Compared with composition EE, no well-defined exothermic peak was observed for composition E-II (see Figure 8 ). Onset of a broad exothermic event occurs at approximately 650 °C and is likely associated with surface crystallisation [20] [21] [22] [23] . Apart from the zircon-containing glass sample (EE), no sharp exothermic peaks were observed for the other glass compositions. Broad exotherms were observed, indicative of surface crystallisation. The results of DTA analysis for all samples are listed in Table 2 . The T f and T m varied with the heating rate. Other authors found T g heating rate dependency [2, 24] . It is evident that T f increases incrementally with increasing ZrO 2 content from 515 °C to 522 °C for the series A to E. Addition of ZrO 2 will increase the number of bridging oxygens per silicon atom and the presence of Zr 4+ ions will impart a higher packing density and higher T g . This behaviour is consistent with the theory that ZrO 2 can act both as an intermediate and a network glass former [25] . It can also be noticed from Table 2 that glass A which contained more Na 2 O (10 wt%) compared with AA (6 wt%) shows higher T f . A similar trend is observed between glass E (10 wt% Na 2 O, 15 wt% ZrO 2 ) and E-II (6 wt% Na 2 O, 15 wt% ZrO 2 ). In sodium silicate glasses, increasing the alkali content breaks up the three-dimensional network with the formation of singly-bonded oxygens which do not participate in the network, thus reducing the length of the chain. The principal effect of increased alkali content is reduction in melting temperature by decreasing the viscosity and thus expecting lower T g . However, an exception to this is observed for glasses containing B 2 O 3 , which is known as the boric oxide anomaly. Increasing alkali content in sodium borate glass compositions converts BO 3 triangles to BO 4 tetrahedra, thereby increasing the network connectivity. Therefore, the glass transition temperature increases. Non-bridging oxygen sites do not become apparent until the alkali content is increased up to about 30 mol% [26] . Glass E-II (15 wt% ZrO 2 ) and EE (15 wt% ZrSiO 4 ) show almost similar T f values, indicating that the presence of zircon or zirconia in the glass has a similar impact on T g . A  515  567  514  562  510  567  B  508  568  514  588  520  577  C  518  575  524  588  532  593  D  520  577  517  589  520  590  E  522  576  528  586  528  594  AA  478  520  472  522  468  522  E-II  511  563  503  577  504  597  EE  509  550  497  560  492  566 3.2 Using FTIR and XRD to detect crystallisation and phase separation FTIR is widely used to interpret the structural modifications which occur during heat-treatment [27] [28] [29] . The FTIR spectrum of amorphous silica was reported in other studies and the major peak corresponding to the asymmetric Si-O-Si stretching vibration was recorded at approximately 1100 cm -1 [28, 30] . The position of the Si-O-Si band changes depending on the type and amount of modifier cations introduced to the system [29, 31] . Figure 9a shows the FTIR spectra of as-quenched and heat treated samples of Glass C. XRD analysis is also reported to correlate the findings (see Figure 9b ). It can be noticed from the FTIR spectrum that the as-quenched, non-heat-treated glass has a peak shift of 49 cm -1 compared with amorphous silica. The Si-O-Si stretching peak is reported at 1051 cm -1 . The peak starts shifting towards a higher wave number as heat-treatment temperature increases to 680 °C. The peak shift then reverses towards a lower wavenumber for heat treatment temperature at 700 °C. The decrease in the IR peak wavenumber at 700 °C may be due to a decrease in the extent of phase separation. At lower temperature, e.g. at 630 °C, the immiscibility boundary is wide but at higher temperature it is near to the edges and thus the extent of phase separation could decrease. The increasing wavenumber with incremental heat-treatment temperature rise in the range 630-680 °C indicates a higher degree of phase separation and can be attributed to the increasing number of Si-O-Si bridging bonds [28, 29] . The broad band at about 680 cm -1 can be assigned to BO 4 tetrahedrons [32] . A peak at 610-627 cm -1 appears in samples heat treated at comparatively high temperature (680°C and 700°C). The XRD study also identifies the existence of cristobalite in these two samples. Therefore, the presence of the peak at 610-627 cm -1 can be correlated with the crystallisation process.
Thermal behaviour and XRD analysis
(a) (b) Figure 9 : (a) FTIR absorbance spectra of glass C as a function of heat-treatment: (i) before heattreatment, (ii) 630 °C x 24 h, (iii) 650 °C x 24 h, (iv) 680 °C x 24 h, (v) 700 °C x 24 h; and (b) the XRD patterns showing crystal formation.
TTT diagram
Visual examination was carried out on samples phase separated using different heat-treatment times and temperatures. Figure 10 shows the Time Temperature Transformation (TTT) diagram for composition AA. The glass frit was visually clear initially and remained clear at certain temperature ranges, which suggests no phase separation. Faint opalescence increased as a function of both time and temperature. This is in accordance with another study where phase separation was defined by the visual appearance of glass exhibiting opalescence [15] . As can be seen from Figure 10 , the minimum time required for crystallisation onset is at about 800 °C. With decreasing temperature, the time required for crystallisation onset increases. The TTT curve located below the crystallisation curve indicates the initiation of phase separation. At higher temperature (> 650 °C) and time (>350 min), the glass will experience phase separation coupled with crystallisation and the crystallisation increases with further extension of heat treatment time. It is also revealed from the TTT diagram that 630 °C would be an appropriate temperature for glass AA to initiate phase separation without crystallisation even for extended times. 
SEM observations
Skeleton-like microstructures with highly connected pores are observed for porous glasses of composition AA (Figure 11 b) , E-II (Figure 11 c) and EE (Figure 11 d) . These spherical droplet like pores with high degree of connectivity are usually formed by spinodal decomposition [15, 33] . Whereas, spherical droplets with low connectivity observed with composition A (Figure 11 a) and composition C (Figure 12 b) which is believed due to nucleation and growth process [33] . Figure 12 b) when the heat-treatment temperature is increased from 650 °C to 700 °C. From FTIR analysis (see Figure 9 ) of the same sample, heat treated at 700 °C, a small peak around 610-627 cm -1 was identified and believed due to crystallisation. Crystallisation was also detected by XRD analysis (see Figure 12 d) when the heat treatment temperature was increased to 700 °C. The pore characteristics of the glass compositions measured by mercury porosimetry are presented in Table 3 . The mean pore size of the porous glass decreased with addition of ZrO 2 /ZrSiO 4 into the sodium borosilicate system. This effect can be attributed to the larger size of Zr +4 ions and their lower mobility which hinders the diffusion processes. Thus the amorphous phase separation process slowed which resulted in smaller pore size. The mean pore size of the porous glass increased with increased duration of the heat-treatment while keeping the temperature constant. 
Alkali resistance
The alkali resistance of the porous glasses is shown in Table 4 . There are many factors which influence the alkali resistance, especially the surface area. The surface area is used in calculating the weight loss in accordance with standard procedure ISO 695 [34] . High surface area and interconnected structures can be achieved where glass composition is properly selected and optimum heat treatments applied. In this study, the glasses with higher surface area and interconnected pore structure were achieved in the glasses series AA-EE and E-II, which had lower amounts of alkali oxide (6 wt% Na 2 O). Alkali resistance of the porous glasses was improved by the addition of ZrO 2 or ZrSiO 4 . The alkali resistance of the porous glass of composition EE is 3-4 times superior to that of porous glass obtained from composition AA without ZrO 2 or ZrSiO 4 . At the same time, ZrSiO 4 containing porous glass (EE) is found to be more alkali resistant than that of ZrO 2 containing glass (E-II) of the same composition. The alkali resistance remains almost constant for the glass series A-E, which has a higher amount of alkali oxide (10 wt% Na 2 O). For these glasses the phase separation process is believed to be dominated by nucleation and growth, as opposed to spinodal decomposition. 
Summary and Conclusion
DTA and dilatometry can be used to determine basic thermal properties such as glass transition temperature, dilatometric softening temperature and linear thermal expansion coefficient of sodium borosilicate glass. Additions of ZrO 2 /ZrSiO 4 increases the glass transition temperature. A sharp exothermic peak was observed in the DTA curve for the glass composition containing ZrSiO 4 . This sharp peak suggests bulk crystallisation. A similar glass composition with ZrO 2 replacing ZrSiO 4 showed a broad exothermic effect which is likely associated with surface crystallisation. A TTT diagram was plotted to display the ranges of onset crystallisation temperatures and times and heat treatment temperature and time needed to achieve phase separation, without crystallisation. FTIR analysis was used to investigate the extent of phase separation for glass compositions subject to different heat-treatments. Additions of ZrO 2 /ZrSiO 4 to the sodium borosilicate glass system reduced the growth rate of phase separation. As a result, mean pore size of the porous glass decreased with addition of ZrO 2 /ZrSiO 4 . For longer heat-treatment times, mean pore size increased. Alkali oxide content in the glass composition was found to play an important role in the phase separation mechanism. Where 6 wt% of alkali oxide (Na 2 O) was used, interconnected pore structures with higher pore volumes were achieved, whereas glasses with 10 wt% of Na 2 O yielded spherical droplets with low pore connectivity. Alkali resistance of the porous glasses increased with addition of ZrO 2 /ZrSiO 4 . These glasses were 3-4 times more alkali resistant than the basic sodium borosilicate glass.
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